Synaptic plasticity is the cellular basis of learning and memory, but to what extent this holds for the adult human brain is not known. To study synaptic plasticity in human neuronal circuits poses a huge challenge, since live human neurons and synapses are not readily accessible. Despite this, various lines of research have provided insights in properties of adult human synapses and their plasticity both in vitro and in vivo, with some unexpected surprises. We first discuss the experimental approaches to study activity-dependent plasticity of adult human synapses, and then highlight rules and mechanisms of Hebbian spike timing-dependent plasticity (STDP) found in these synapses. Finally, we conclude with thoughts on how these synaptic principles can underlie human learning and memory. 
Introduction
A central feature of the brain is its ability to learn from experience and based on memories, adapt future behaviour. Most of our knowledge on cellular mechanisms that underlie learning and memory comes from studies on the brains of laboratory animals, in particular rodents. Technical advancements in optogenetics and in vivo recordings have uncovered the causal nature of these mechanisms in unprecedented detail: behavioural learning results in alterations of synapse strength, and manipulating synapse strength alters information stored in memory [1, 2] . In rodent brain, memories are encoded by relatively small populations of neurons [3] [4] [5] [6] , the activation of which are both necessary [7] and sufficient [6] for memory retrieval. Synaptic connections between neurons that are part of a memory engram [8] are more common and stronger than connections with neurons not part of the engram [6] . Strengthening of synapses by mechanisms of synaptic plasticity contributes to both the formation of memory engrams and their reactivation during memory recall [9, 10] . Overall, several decades of research have shown that activity-dependent changes in synapse strength are a wide-spread phenomenon in brains of laboratory animals, and they are expressed at both excitatory and inhibitory synapses [11] . However, whether any of these cellular principles apply to the human brain and whether they are causally related to learning and memory in humans has proven much harder to establish. This opinion review highlights recent findings on properties of human cortical microcircuits and synaptic plasticity in adult human synapses and discusses strategies for studying synaptic plasticity as basis for memory in the human brain.
Long-term plasticity of human synapses
The human brain and its neurons and synapses are quite inaccessible to neuroscientific experimentation, in particular in conditions that allow physiological studies. In the early nineteenseventies, electrophysiological recordings from acute human brain slices from brain tissue resected as part of epilepsy or brain tumour treatment were established [12 ] , which made human neurons and synapses accessible for physiological study. With targeted intracellular recordings of human neurons [13, 14] , passive and active electrical properties of these neurons were characterized as well as the actions of neurotransmitters such as acetylcholine, adenosine, y-aminobutyric acid (GABA), histamine, norepinephrine, and serotonin on neuronal firing in human brain slices [15 ,16-21] . Nevertheless, it took another twenty years before the first synaptic plasticity experiment akin to Bliss and Lømo's classic experiments [22] 29,31 ,32] ; seizure frequency and duration of epilepsy explained little of the variance in dendritic morphology, short-term plasticity and long-term plasticity. This suggests minor to no involvement of epilepsy and that bidirectional, long-term changes in synapse strength measured in resected human brain tissue generalizes to the non-epileptic, healthy human brain. Spike timing-dependent plasticity of human synapses
Although the studies above established that human synapses can change strength, it was not clear whether naturally occurring spike patterns would alter synapse strength. Spike timing-dependent plasticity (STDP) is a form of plasticity described in rodents where synapse strength is modified depending on the relative millisecond timing of pre and postsynaptic action potential firing [33] [34] [35] [36] [37] . In line with predictions made by Donald Hebb [38] , by varying the timing and order of pre and postsynaptic spiking, it was found that critical time windows exist for synaptic modification on the order of tens of milliseconds [39, 40] (Figure 1 ). In recent years, it has become clear that diversity exists of temporal windows for STDP depending on brain area and neuron type [41] [42] [43] [44] [45] [46] . Although there is an extensive body of literature on STDP in brains of laboratory animals (for reviews see [44, 47, 48] ), do human synapses also obey Hebbian plasticity rules?
Human synapses of adults up to at least 66 years of age indeed can alter strength bidirectionally in response to millisecond timing of pre-synaptic and postsynaptic activity [31 ] . However, in contrast to rodent hippocampal synapses that show a narrow temporal window of 40 ms between pre-synaptic and postsynaptic activity with a sharp switch in sign of plasticity at 0 ms, in human hippocampal synapses the sign of plasticity does not sharply switch around 0 ms timing. Instead, both positive timing intervals, in which presynaptic firing preceded the postsynaptic action potential up to 20 ms, and negative timing intervals, in which postsynaptic firing preceded presynaptic activity down to À80 ms, induce synaptic potentiation. Negative timing intervals between À80 to À130 ms induce synaptic depression ( Figure 1 ). Excitatory synapses received by pyramidal neurons in human temporal cortex also have a wide temporal window for synaptic strengthening, but with a switch from LTP to LTD occurring between +5 and +10 ms [28 ] (Figure 1 ).
What mechanisms are responsible for such wide temporal association windows with LTP at negative intervals? A cardinal feature of STDP is the strong dependence on the back-propagating action potential (bAP) [36] ; APs fired by a neuron travel not only down the axon but also back 'upstream' into the dendrites, informing synapses that the postsynaptic cell was active and providing a major source of depolarisation for NMDARs and dendritic voltagegated calcium channels (VGCCs) [36, 49, 50] . In humans, bAPs are associated with long-lasting Ca2+ transients, in part mediated by dendritic L-type VGCCs. Excitatory postsynaptic potentials (EPSPs) that arrive directly following somatic action potentials (i.e. at negative intervals) will coincide with these transients, thereby contributing to additional dendritic calcium influx [28 ] . Indeed, this , and adult human hippocampus [31 ] . All STDP windows share the same feature that the smallest delays between pre-synaptic and post-synaptic activity result in the greatest change in synapse strength. Abbreviations: +DT, postsynaptic action potential follows the synaptic EPSP; ÀDT, postsynaptic action potential precedes the synaptic EPSP. coincident activation is required for LTP to occur, since blocking these channels prevents LTP and unmasks LTD [28 ] .
Although timing rules for STDP in human hippocampal and neocortical pyramidal neurons differ substantially from the classical Hebbian STDP rule observed in juvenile hippocampal neurons by Bi and Poo [39] , this may result from age differences. During development of the rodent cortex, spike timing-dependent LTD diminishes and is absent after postnatal day 25 [51] . In adult rat temporal association cortex, STDP was mono-directional too, exhibiting no timing-dependent LTD. A similar wide temporal window for synaptic strengthening exists in these adult synapses (Figure 1) [28 ]. L-type VGCC mediated dendritic calcium signalling may represent an evolutionary conserved mechanism that enables adult human and rat synapses to associate presynaptic and postsynaptic events in an exceptionally wide temporal window, with LTP at negative intervals.
As in rodent brain [52] , STDP rules in adult human cortical synapses is under neuromodulatory control. Cholinergic modulation of GABAergic inputs to layer 2 and layer 3 pyramidal neurons inhibits dendritic calcium influx and reduces timing-dependent long-term potentiation, whereas cholinergic depolarization of dendrites increases calcium influx and long-term potentiation in human layer 6 pyramidal neurons [29, 53] . Thereby, induction of plasticity can be dynamically regulated by subcortical neuromodulatory circuits, which can exploit the dependence of STDP on bAP-signalling to transiently modify synaptic learning rules with layerspecificity.
Excitatory synapses received by human interneurons also undergo long-term synaptic plasticity that controls network activity within human neocortex [54 ] . Some pyramidal neurons in human cortex can, with a single action potential, trigger polysynaptic complex events that can last tens of milliseconds, which are not found in rodent cortex [55 ] . These events are composed of a series of alternating glutamatergic and GABAergic postsynaptic events. In addition to feedforward excitatory actions by GABAergic axo-axonic cells, the pyramidal neurons starting the complex event send exceptionally strong glutamatergic synapses to fast spiking interneurons, with four times more functional release sites compared to rat pyramidal neuron to fast spiking interneuron synapses [56 ] . Thereby, single action potentials by pyramidal neurons set off action potential firing in fast spiking interneurons with short, millisecond delays and high temporal precision [55 ,57] . The large glutamatergic synapses on fastspiking interneurons exhibit robust activity-induced LTD. In contrast to single action potentials, short bursts of action potentials fired by the pyramidal neuron at 40 Hz reduces synaptic strength specifically of the large synapses onto fast spiking interneurons through presynaptic mechanisms that involve group 1 metabotropic glutamate receptors [54 ] . Potentially, presynaptic multivesicular release sites in these large synapses is transformed to a single vesicle-releasing synapse upon presynaptic LTD. Depressed pyramidal neuron synapses no longer induce suprathreshold activation and suppress discharge of fast spiking interneurons in complex events [54 ] . Thereby, activity-induced long-term synaptic plasticity shapes cell assemblies in the human cortex. What the mechanisms and conditions are by which these synapses become strengthened is not known. In addition, whether inhibitory GABAergic synapses in the human brain have plasticity properties similar to rodent synapses also remains to be explored.
Long-term plasticity in the human brain in vivo
Does synaptic plasticity exist in the intact human brain? Although necessarily indirect, evidence from transcranial magnetic stimulation (TMS) experiments [58] suggests that Hebbian types of plasticity can be induced. By pairing TMS of the motor cortex with peripheral nerve stimulation (PNS), a timing-dependent form of long-term plasticity of motor-evoked potentials (MEPs) can be induced in human subjects in vivo [59 ,60] . Importantly, both the magnitude and sign of these lasting changes in MEP amplitude depend on the interval between TMS and PNS stimuli during PAS. This can result in an STDPlike plasticity window akin to the Hebbian STDP window found in rodents. Using this technique, a host of different windows for STDP-like plasticity have been characterised for different brain regions [61] [62] [63] [64] [65] [66] . Interestingly, these studies found STDP-like changes in corticospinal excitability following Hebbian [65, 66] , but also anti-Hebbian plasticity rules similar to those reported at the human synapse level [62] [63] [64] . Moreover, the timing window for association of stimuli was wide, with significant changes in MEP amplitude occurring when TMS was delivered from 50 ms before to 100 ms after voluntary movement [64] . The extent to which changes in MEP amplitude reflect synaptic plasticity processes remains unclear, but the reversed and wide STDP window for human temporal cortex synapses [28 ] bears a striking resemblance to some of the human STDP-like plasticity windows of motor evoked potentials shown in vivo [62] [63] [64] . Part of the diversity of findings of human in vivo plasticity may result from the rules not actually being fixed; human STPD rules appear to be able to dynamically switch from following Hebbian to anti-Hebbian rules or vice versa by means of interhemispheric interactions [62] , by altering the activity state of the cortex [63] , or neuromodulation state [29] , all of which will likely affect the interplay of incoming stimuli with postsynaptic neurons.
In the visual system of cats, asynchronous visual stimuli in two adjacent retinal regions can alter relative spike timing of cortical neurons, inducing modifications of intracortical connections and shifts in receptive fields [67, 68] . This depended on the interval and temporal order of visual stimuli consistent with STDP. Exposing humans to similar asynchronous visual stimuli, or pairs of visual stimuli, induced shifts in spatial perception, suggesting that STDP may have occurred in human visual cortex as well.
Comparing the results with computational model predictions of circuits exhibiting STDP at intracortical connections suggest that modification of intracortical connections is a key mechanism in the stimulus timingdependent plasticity in orientation tuning in human visual cortex [69] .
TMS-induced changes in peripheral and central potentials have been suggested to be of cortical origin and related to STDP at synapses in the upper cortical layers [59 ,65] . This is supported by the pharmacological sensitivity of TMS-induced plasticity. Systemic application of NMDA receptor antagonists in human subjects blocked in vivo plasticity [70] . Moreover, systemic application of L-type VGCC antagonists in human subjects altered the sign of plasticity of evoked peripheral endplate potentials and corticospinal excitability evoked by TMS stimulation [70, 76] , similar to human synaptic plasticity in human brain slices described above [28 ] . Thus, both in vivo and in vitro, L-type voltage-gated calcium channels decide between spike timing-dependent potentiation and depression and set the timing window for activity-dependent plasticity.
One of the major goals in Neuroscience is to understand the neuronal basis of human learning and memory. To firmly establish that synaptic plasticity is the cellular basis of these human faculties, temporal and spatial resolution of non-invasive imaging techniques will have to drastically improve, down to the cellular level and with action potential resolution. Alternatively, the study of neurosurgical patients implanted with electrodes that can record in vivo spiking activity of neurons could offer opportunities. Such studies are already revealing many properties of human neurons and neuronal networks and temporal sequences of unit activity are used to infer synaptic connectivity [72, 73] . Recent studies combined these recordings with neuropsychological tests and investigated whether altered neuronal connectivity relates to memory. After learning, single neurons in the medial temporal lobe change firing behavior to represent preferred features of stimuli [74 ] . Neuronal firing can also directly reflect the learning of a new association. In another study, while patients with electrode implants had to associate unrelated pictures, their neurons in medial temporal lobe adjusted their activity [75 ] . Neurons initially responsive to one picture also started firing to the associated one but not to others. It is very likely that synaptic plasticity was involved to advance firing responses of these neurons.
Conclusions and future directions
Long-term plasticity of human excitatory synapses share many features with plasticity in other species such as rodents and cats. There seem to be differences in some aspects of for instance STDP rules, but given the variable experimental conditions, it is at this point impossible to unequivocally attribute them to species differences. Also the particular microcircuit under study may give rise to differences in plasticity rules observed. The human synaptic STDP rules that have been experimentally observed in hippocampus and neocortex cover a wide temporal window for potentiation, are bidirectional, but do not strictly adhere to classic Hebbian STDP rule. However, human cortical STDP rules are not strictly anti-Hebbian; plasticity at human synapses switches from LTP to LTD at timing intervals between +5 and +10 ms. This means that the typical pre-before-post activity patterns with short EPSP-AP delays (<5 ms) give rise to LTP, ensuring that AP-contributing synapses are rewarded. Only if synapses are active 10 ms or more before the AP, will they depress, which actually does require temporal precision between pre-synaptic and postsynaptic activity. A scenario in which potentiation of synapses that are consistently active following postsynaptic APs is beneficial, is to set up specific cell assemblies that harbour feedback activity, as observed in the complex events that occur in human microcircuits [55 ,57] . The firing of one neuron may trigger activity of downstream neurons that project back to the first neuron. A consequence of LTP at negative intervals could be the strengthening of such feed-back synapses in the circuit. As long as we have poor understanding what information is actually processed at the synapse, it will be hard to reconcile what timing rules serve human cognition best.
The data discussed here show that synaptic plasticity of human synapses is available as candidate mechanism of human learning and memory, and that activity-dependent, Hebbian-like changes can be induced in the human brain in vivo. However, direct evidence that synaptic plasticity is the actual cellular mechanism for human learning and memory is lacking. The best support for the hypothesis is correlative and comes from studies of surgically treated pharmaco-resistant epilepsy patients. Patients with a hippocampal primary seizure focus and hippocampal damage suffer from deficient declarative memory [71] . The same group of patients had strongly reduced synaptic potentiation in resected hippocampal brain tissue [25 ] , which may explain their difficulties with declarative memory. However, it could also be the consequence of the neuronal loss observed in hippocampi of these patients, rather than synaptic plasticity deficits.
The biggest challenge that lays ahead is to bridge the gap between various in vivo and in vitro approaches now taken to studying synaptic plasticity in the human brain and to find out in which forms of learning and memory they participate. A better understanding of the cellular mechanisms that underlie TMS induced STDP-like phenomena would be a tremendous step forward [77] . Furthermore, it will be instrumental to test whether learningrelated adaptations in neuronal firing behavior recorded via in vivo electrode inplants are related to actual synaptic changes occurring between the neurons involved. For instance by pharmacologically manipulations that interfere with STDP using NMDA and/or VGCC blockers as in TMS studies [70, 76] . And finally, as our survey of the literature reveals, only a very modest number of studies of long-term plasticity of human synapses exist to date. In fact, the number of studies reporting on basic properties of human neurons, synapses and microcircuits is low in general. Therefore, to understand how the synapses received by various types of neurons in the neocortex, hippocampus or possibly other areas of the human brain are involved in learning and laying down memories, many more studies are necessary that address plasticity of different types of synapses.This is a challenging task, but with the recent trend of more and more laboratories establishing collaborations with local neurosurgery departments to gain access to living human brain tissue, we will undoubtedly see our understanding of the cellular mechanisms of memory in the human brain progress in years to come. 
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